Objectives-In adults with unexplained pancreatitis, the yield of complete gene versus select exosome sequencing on mutation detection and distinguishing clinical characteristics associated with mutations requires clarification. We sought to: 1) compare frequency of mutations identified using difference techniques and 2) compare clinical characteristics between adults with and without mutations.
Introduction
Patients with adult onset, idiopathic chronic pancreatitis (CP) and recurrent acute pancreatitis (RAP) increasingly undergo testing to evaluate for a genetic predisposition. Genes of interest include the cystic fibrosis transmembrane conductance regulator (CFTR), the protease serine 1 (PRSS1), the serine protease inhibitor, Kazal type 1 (SPINK1), and chymotrypsin C (CTRC). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Inheritance patterns may be autosomal dominant (PRSS1), autosomal recessive (CFTR, SPINK1), or complex (e.g., heterozygous CFTR, SPINK1, and CTRC); the latter includes gene-environment and gene-gene (i.e., compound heterozygosity) interactions. 1, 4 It is increasingly recognized that a genetic predisposition to pancreatitis is not limited to a pediatric population, as some individuals will develop symptoms during adulthood (age > 18 years). Among small series of adults with CP or RAP, pancreas divisum has been associated with a higher prevalence of genetic mutations. [19] [20] [21] The clinical significance of a genetic mutation as the sole risk factor or covariate with environmental factors (e.g., alcohol and smoking) requires clarification. 22 Our objectives were two-fold. First, while newer assays utilize complete gene sequence analysis, their impact on detecting mutations in an adult population as compared to other methods is unclear. We compare the frequency of positive gene mutations identified using different assays. Second, since genetic testing is expensive and identifying a mutation (even one with unclear clinical significance) may have unintended long-term implications for patients (e.g., insurability, anxiety), we sought to identify clinical characteristics associated with positive genetic mutations. This may inform clinicians of at-risk groups who would be most likely to have a mutation.
Methods

Study Design and Patient Selection
We conducted a retrospective cohort study of all symptomatic adults who underwent pancreas-specific genetic testing between January 2008 and December 2012. Patients were identified from our pancreatobiliary clinical practice at Indiana University Health University Hospital, a tertiary referral center for chronic pancreatitis and other pancreatic disorders. We used an institutional review board-approved clinical database that contains prospectively entered clinical data. We excluded patients age <18 at the time of genetic testing. The study received approval from our local institutional review board prior to the collection of data and none of the authors declare any conflict of interests.
The indications for genetic testing included: idiopathic RAP, idiopathic CP, or symptoms consistent with CP (e.g., steatorrhea responding to oral pancreatic enzymes, abdominal pain consistent with CP). Medical records were abstracted for patient demographics, the presence of pancreatitis-related symptoms including abdominal pain (not associated with an episode of acute pancreatitis), exocrine insufficiency, endocrine insufficiency and age of symptom onset. When available, we recorded specific morphologic abnormalities identified by imaging (i.e., computed tomography (CT), magnetic resonance imaging (MRI), endoscopic ultrasound (EUS), and endoscopic retrograde pancreatography (ERCP)): pancreas divisum, pancreatic calcifications, and main pancreatic duct stricture/dilated main pancreatic duct, among others. We recorded family history of acute pancreatitis, RAP, CP, and pancreatic cancer.
Definitions
Acute pancreatitis was defined as acute abdominal pain associated with increased serum pancreatic enzyme levels (amylase and/or lipase) > 3 times the upper limit of normal value or imaging changes consistent with acute pancreatitis; 23 documentation of such findings were required in the medical records. RAP was defined as two or more discrete episodes of documented acute pancreatitis. 24 Patients were diagnosed with CP based on standard radiographic criteria, including the presence of pancreatic calcifications on CT, EUS, or ERCP; pancreatic ductal abnormalities on pancreatography obtained by magnetic resonance cholangiopancreatography (MRCP) or ERCP (using the Cambridge classification); ≥5 endosonographic criteria on EUS; marked pancreatic atrophy on CT or MRCP; and exocrine insufficiency based on a history of steatorrhea. [25] [26] [27] [28] A diagnosis of pancreas divisum required confirmation via ERCP or MRCP. [29] [30] [31] 
Genetic Testing
The decision to perform genetic testing was always at the discretion of the treating physician. During the study period, we used several third party assays for genetic testing (table 1) . Since 2011, we have used complete gene sequence analysis (Ambry Genetics) for all of our patients. Prior to 2011, several other entities were used: CFTR testing by other entities (Genzyme and Quest Diagnostics) used enzymatic amplification of known mutations (97 and 32, respectively); PRSS1 testing by other entities (Mayo Clinic and University of Pittsburgh Medical Center) employed gene sequence analysis for a smaller portion of the gene where mutations were known to impact pancreatitis risk (table 1). For descriptive purposes in this study, "complete gene sequencing" refers to assays conducted by Ambry Genetics.
We defined a positive genetic test as a mutation detected for any of the 4 genes tested. We also present the frequency of high-risk mutations [32] [33] [34] , which we defined as: 1) a single copy mutation of PRSS1; 2) homozygous mutations of CFTR, SPINK1 or CTRC; or 3) compound heterozygous mutations of CFTR, SPINK1 and/or CTRC.
Analysis Plan
The cohort was dichotomized by the presence of any genetic mutation. Given the clinical significance of individuals having mutations known to have high risk for leading to pancreatic disease, we also present the characteristics of this subgroup. We used descriptive statistics (mean ± standard deviation, proportion with 95% confidence intervals) to present patient and phenotypic characteristics. To examine differences between study populations (those with any genetic mutation versus all others and those with a high-risk mutation versus all others), we used comparative statistics (Student's t test or Fisher's exact test) where appropriate.
Results
Prevalence of pancreas-specific genetic mutations
During the five-year study period, we identified 370 symptomatic adults who underwent genetic testing through the adult pancreatobiliary practice at Indiana University. Of these, 67 (18.1%) had a genetic mutation, 24 (6.5%) of which were high-risk (figure 1). A per-patient summary of mutations is available (supplementary table) . Among patients who underwent testing for CFTR (n=359), 109 (30.4%) were via complete gene sequencing (Ambry), 249 (69.4%) were via enzymatic amplification for 97 mutations (Genzyme), and 1 (0.3%) was via enzymatic amplification for 32 mutations (Quest). For PRSS1 mutations (n=267), 106 (39.7%) were via complete gene sequencing (Ambry) and 161 (60.3%) were via DNA sequencing of exons 2 and 3 (Mayo Clinic and University of Pittsburgh). All SPINK1 (n=107) and CTRC (n=94) assays were performed using complete gene sequencing (Ambry).
The probability of a detecting any mutation and a high-risk mutation significantly increased when complete gene sequencing was performed (table 2) . Patients tested by complete gene sequencing had a mutation detected in 42.2% of cases as compared to 8.1% when using any other method (p<0.0001). Similarly, patients having a high-risk mutation were identified in 18.3% of cases using complete gene sequencing versus 1.5% when using other modalities (p<0.001). These differences remained significant for the subgroup of individuals tested for PRSS1 or CFTR mutations.
Clinical history
The majority (354 of 370, 96%) of patients were Caucasian. There were no significant differences in patient characteristics of those with and without genetic mutations (table 3) . Age of presentation was younger for individuals with high-risk mutations (32.3±15.4, p=0.05 vs. all others), although those having no mutations also presented with an average age < 40 (39.5±16.1). Patients with high-risk mutations were more likely to report a family history of chronic pancreatitis (20.8%, p=0.002 vs. all others), but there was no significant difference between those having any mutation (7.6%) and no mutation (3.7%, p=0.18). There was a greater likelihood of having a family history of acute pancreatitis among highrisk individuals, but this did not reach statistical significance (p=0.17). The prevalence of a family history of pancreatic cancer was similar in all groups. Importantly, 44 of the 67 (65.7%) patients with a mutation had no family history of acute pancreatitis, chronic pancreatitis or pancreatic cancer. Among those with high-risk mutations (n=24), 14 (58.3%) had no family history.
Presenting symptoms (abdominal pain, steatorrhea, diabetes, and weight loss) were similar between patients having no mutation and any mutation, including those with a high-risk mutation (table 4) . Patients with any mutation (67.2%) were more likely to present with recurrent acute pancreatitis compared to those without a mutation (47.5%, p=0.004). There was no significant difference in the rate of CP when comparing patients with no genetic mutation with any genetic mutations (p=0.12) or a high-risk mutation (p=0.13). The prevalence of moderate/severe CP and having a history of a single episode of acute pancreatitis was similar among all populations.
Phenotypic characteristics
Despite similarities in age of symptom onset, age of presentation, and clinical history, there were important phenotypic differences between those with and without a pancreas-specific genetic mutation (table 5). In the entire cohort, there were 59 (15.9%) patients with pancreas divisum, of who 48 (81.4%) were diagnosed by ERCP and 11 (18.6%) by MRCP. Patients without a mutation were less likely to have pancreas divisum (13.6%) compared to 26.9% of those with any mutation (p=0.01) and 33.3% of those with a high-risk mutation (p=0.04). This remained significant when the analysis was limited to the subgroup (n=279) that underwent ERCP. Pancreatic calcifications and main duct strictures were more frequently diagnosed among patients with genetic mutations, particularly those classified as high risk.
Discussion
Genetic mutations among adults with unexplained pancreatic disease
Consistent with previous studies, the prevalence of genetic mutations in a cohort of adult individuals with pancreatic disease undergoing genetic testing is substantial (18.1%), 1-3, 5, 6, 8-11, 13-18 though high-risk mutations are identified less frequently (6.5%). Importantly, use of a test that sequences the entire gene(s) of interest identified significantly (greater than 5-fold) more mutations, including those classified as high-risk (greater than 12-fold). Prior studies using genetic sequencing of either the entire gene or a large percentage of it have also shown high rates of finding genetic mutations with a 45-49% rate of mutations found in the CFTR, PRSS1 and SPINK1 genes in similar patient populations. 1, 5, 35 Alternative analytics for mutations such as high resolution DNA melting may provide rapid and accurate diagnostics at a lower cost. 36 Other genetic testing modalities utilized in our cohort either sequenced a smaller portion of the gene or used other techniques such as enzymatic amplification of predefined mutations. The rate of detected mutations in our cohort likely would have been higher if all individuals had undergone gene sequence analysis of all 4 genes. The clinical significance and impact of identifying many of these mutations will require further clarification and not all mutations identified to date have been associated with the development of pancreatic disease. Specifically, counseling of patients and relatives, screening for pancreatic cancer and impact of potential therapies (both endoscopic and surgical) in patients with genetic mutations and pancreatic disease such as chronic pancreatitis will require further investigation. Furthermore, the pathogenic significance of some mutations (e.g., c.592-24C>T) is unknown; future studies may impact the classification of high-risk and unknown risk mutations presented in this paper.
Clinical factors do not distinguish adults with pancreas-specific genetic mutations
Age of symptom onset, age of clinical presentation, and presenting symptoms were not associated with having a genetic mutation; those having a high-risk mutation developed overt symptoms in their early 30s (mean age 32) while those with no mutation were in their late 30s (mean age 39). Since we limited our analysis to individuals who underwent genetic testing, our study is susceptible to a selection bias so this observation should be interpreted with caution: the treating physician suspected a genetic abnormality based on family history, age, and/or idiopathic nature of their illness. Nevertheless, these demographic and clinical factors were similar among those with and without mutations. Further, the absence of a family history in more than half of individuals with a mutation (including those deemed high-risk) highlights their variable penetrance: autosomal dominant (minority), autosomal recessive (one parent with two mutations or two parents each with a single mutation), and complex genetic-environment interactions. Our cohort represents a "real-world" adult population that would be considered for genetic testing.
Family history is not a prerequisite for pancreas-specific genetic mutations
Prior studies have shown that 4% of patients with familial (non-autosomal dominant) CP have a mutation in the CTRC gene 14 and up to 86% have a mutation in the SPINK1 gene 12 . While patients with high-risk mutations in our cohort were more likely to have a family history of CP (20.8%), the majority of individuals with high-risk or any mutations had no known family history of chronic pancreatitis; therefore, the absence of a family history should not dissuade the clinician from pursuing a genetic evaluation.
Previous reports have shown that patients with RAP have an increased rate of mutations in the CFTR gene, ranging from 12-32% 1, 15, 16 , as well as an increased rate of compound heterozygosity 1 . Numerous studies using a variety of methods for genetic testing have reported more mutations in patients with CP, including CFTR (18-44%), 1, [4] [5] [6] [7] 17 PRSS1 (2%), 1 SPINK1 (5-23%), 1, 5, 6, 10-12, 18, 37, 38 and CTRC (3-12%). 13, 14 . In our cohort, 67% of patients with a mutation had RAP (71% of high-risk patients). We also found that patients with a high-risk genetic mutation had a 79% probability of having chronic pancreatitis. Thus, our findings are in agreement with prior studies that the presence of RAP or CP as opposed to a single attack of acute pancreatitis alone increases the chances of having a positive genetic test.
Pancreas divisum is more prevalent among patients with genetic abnormalities
Consistent with previous studies, we found a higher incidence of mutations among individuals with pancreas divisum. Previous studies reported high rates of CFTR (47-70%), PRSS1 (16%), and SPINK1 (16%) mutations among patients with CP and pancreas divisum. [19] [20] [21] Therefore, pancreas divisum is an important phenotypic clue that a patient is at-risk for a genetic mutation (although the majority of patients with divisum were still negative for a mutation). Prior studies evaluating the effectiveness of minor papilla endotherapy in the setting of both RAP and pancreas divisum suggest that therapy is more beneficial in patients that have not yet developed chronic pancreatitis. 39, 40 It should be noted that genetic testing was not evaluated in these studies and future work evaluating RAP and pancreas divisum should consider whether the presence of a genetic mutation correlates with response to minor papilla endotherapy.
Summary
Our study is limited by its retrospective design and potential for detection or recall bias, particularly when looking at issues such as family history. In addition, our study population included individuals with pancreatic disease who underwent genetic testing; therefore, the treating physician suspected a genetic abnormality in all cases and so our results do not represent the prevalence of mutations in a general population of adults with pancreatic disease. Nevertheless, our observations are important since the sampling frame represents a "real-world" cohort of adults who are likely to undergo genetic testing. A history of RAP, CP and pancreas divisum increase the likelihood of a high-risk mutation, whereas the absence of a family history of RAP or CP does not rule out its possibility. Finally, the prevalence of both high-risk and any pancreas-specific mutation significantly increased with the use of complete gene sequence analysis. The clinical implications of this increase require further investigation.
In conclusion, patient characteristics that are associated with a pancreas-specific genetic mutation include a personal history of RAP, CP, family history of CP, and the presence of pancreas divisum. However, the majority of adults with a positive test had no significant family history. We have also shown that complete gene sequence analysis increases the probability of all and high-risk genetic mutations, keeping in mind that not all mutations have been characterized in terms of their clinical significance or association with pancreatitis. The potential clinical implications of identifying a genetic mutation are several: response to medical, surgical or endoscopic therapy may differ in this population, and physicians should push more aggressively for lifestyle modifications including smoking and alcohol cessation. Future prospective studies should evaluate differences in outcomes of individuals with pancreatic disease and genetic mutations, and specific medical therapies that compensate for genetic abnormalities are awaited.
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